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This study examined right ventricular function during
exercise in patients with chronic obstructive pulmonary
disease to answer the following questions: 1) Is there a
significant correlation between oxygen consumption at
maximal exercise and exercise right ventricular ejection
fraction? 2) Does the right ventricular ejection fraction
response to exercise correlate with exercise changes in
pulmonary artery pressure, total pulmonary resistance
or pulmonary vascular resistance? 3) Which combina-
tions of cardiac, ventilatory and blood gas variables are
the best predictors of oxygen consumption at maximal
exercise? Twenty-six patients with stable chronic ob-
structive pulmonary disease performed symptom-lim-
ited supine bicycle exercise with simultaneous hemody-
namic and radionuclide ventriculographic measurements.
The oxygen consumption at maximal exercise cor-
related with the exercise right ventricular ejection frac-
tion (n = 21, r = 0.66; p < 0.005), exercise stroke
volume (r = 0.68; p < 0.001), exercise cardiac output
(r = 0.77; P < 0.00005) and exercise ventilation (r =
Chronic obstructive pulmonary disease is the second leading
cause of disability in the United States (I). Despite extensive
study, the mechanisms of exerci se limitation in this disease
are not completely understood. Regardle ss of the type of
exerci se (upright versus supine, treadmill versus bicycle ),
patients with chronic obstructive pulmonary disease have a
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0.85; p < 0.00001). The change in right ventricular ejec-
tion fraction from rest to exercise correlated inversely
with the change from rest to exercise in total pulmonary
resistance (r = -0.51; p < 0.05) but not with the change
in mean pulmonary pressure (r = - 0.37) or in pul-
monary vascular resistance (r = 0.09). Multivariate
analysis showed that the variables giving the highest
combined correlation with oxygen consumption were
ventilation and right ventricular ejection fraction (r =
0.95, adjusted r2 = 0.88).
These results suggest that I) exercise oxygen con-
sumption of patients with chronic obstructive pulmonary
disease is related to right ventricular systolic function,
2) exercise right ventricular dysfunction is related, in
part, to abnormal exercise total pulmonary resistance,
and 3) exercise limitation in chronic obstructive pul-
monary disease occurs as a result of the dynamic inter-
action between disordered right heart function and ven-
tilation.
(1 Am Coli CardiQI1987;9:J219-29)
reduction in maximal work load, maximal exercise oxygen
consumption and maximal exercise cardiac output (2-9).
Although exercise limitation in these patients may result in
part from disordered pulmonary mechanics, several cardio-
vascular abnormalities have been reported (10-24). These
include pulmonary hypertension , abnormally elevated total
pulmonary resistance and pulmonary vascular resistance,
reduced right ventricular ejection fraction and increased right
ventricular stroke work (10-24) .
One of the arguments made against cardiovascular lim-
itation to exercise in patient s with chronic obstructive pul-
monary disease comes from the comparison of exercise val-
ues of cardiac output and oxygen consumption in such patients
and those of normal subject s. Although these patients stop
at far lower values of oxygen consumption and cardiac out-
put than do normal subjects, the slope of this relation is
comparable with that of normal subjects. This finding leads
some to conclude that the cardi ac output increase among
patients with chronic obstructive pulmonary disease is " ap-
propriate" (2,6). However, most available evidence sug-
0735-1097/87 /$3.50
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gests that normal subjects are limited at exercise by their
cardiovascular system (25,26). For this reason, having a
cardiac output relation comparable with that of normal sub-
jects does not exclude an important cardiovascular com-
ponent to the exercise limitation of patients with chronic
obstructive pulmonary disease. These patients, like normal
subjects, have a marked fall in mixed venous oxygen tension
and content with exercise (12,26,27). This suggests that
oxygen delivery is not keeping pace with demand. Although
there may be a decrease in arterial oxygen tension and sat-
uration with exercise, in most patients the decrease is not
sufficient for arterial content to decline significantly (28).
Therefore either demand is excessive or cardiac output in-
crease is not adequate. If the demand relative to work is
comparable with that of normal subjects, then patients with
chronic obstructive pulmonary disease are probably limited
in part, like normal subjects. by their ability to increase
cardiac output.
One of the best data bases for exercise hemodynamics
in chronic obstructive pulmonary disease was the multicen-
ter nocturnal oxygen therapy trial (29). This study showed
an inverse correlation between exercise pulmonary vascular
resistance and stroke volume index among patients with
chronic obstructive pulmonary disease (29). The study in-
vestigators proposed that stroke volume was reduced in pa-
tients with chronic obstructive pulmonary disease as a result
of right ventricular dysfunction, which was caused by el-
evated right ventricular afterload.
We used the radionuclide right ventricular ejection frac-
tion, measured simultaneously with hemodynamic exercise
data, to examine the role of right ventricular dysfunction in
the exercise limitation of patients with chronic obstructive
pulmonary disease and to test the hypothesis advanced by
the nocturnal oxygen therapy investigations. Three ques-
tions were asked: 1) Does the oxygen consumption at max-
imal supine exercise correlate with the exercise right ven-
tricular ejection fraction? 2) Does the change in right
ventricular ejection fraction from rest to exercise correlate
with the changes in total pulmonary resistance, pulmonary
vascular resistance or pulmonary artery pressure? 3) Which
combinations of cardiac, ventilatory and blood gas variables
are the best predictors of oxygen consumption at maximal
exercise?
Methods
Study patients. Twenty-six patients with chronic ob-
structive pulmonary disease were studied at three centers
(nine patients at Seattle Veterans Administration Medical
Center, nine at Tucson Veterans Administration Medical
Center and eight at Denver Veterans Administration Medical
Center). All studies had the approval of the appropriate
University Human Subjects Committee and the appropriate
Veterans Administration Research and Development com-
mittee. All studies were performed under the direction of
the same investigator (D. A. M.) and the exercise protocol and
hemodynamic and radionuclide angiographic methods were
identical (Table 1) and comparable with the methods by
which we (30) and others (9) have studied normal subjects.
Partial exercise data from nine of these patients and rest
data from nine additional patients have been previously re-
ported (28,31). The mean age was 61 ± 7 years (range 44
to 74), and all were male. All patients had a forced expir-
atory volume in I second <67% of that predicted (range
0.48 to 2.37 liters/min); of the 21 patients who had adequate
inert gas lung volumes (32,33), all had a total lung capacity
> 75% of that predicted. All patients had no change in their
pattern of dyspnea or in their medications for at least I week
before study. Room air arterial blood gases revealed partial
pressure of oxygen (Pa02) = 60 ± 10 mm Hg (44 to 75)
and partial pressure of carbon dioxide (Pac02) = 39 ± 6
mm Hg (24 to 50); there were six subjects with rest Pac02
>45 mm Hg. Four patients had angiographically docu-
mented coronary artery disease. No patient was limited by
angina or had clinical evidence of left ventricular failure.
Hemodynamic measurements. On the day of study,
patients refrained from eating breakfast or drinking coffee
or tea. A triple lumen Swan-Ganz catheter was advanced
to the pulmonary artery from either an internal jugular or
antecubital vein using fluoroscopic and pressure monitoring.
A plastic catheter was placed in a radial artery. 'Pressures
(mean arterial, pulmonary artery, pulmonary wedge and
central venous) were measured using strain gauges (Ailtech
MX 20A or Statham P2B) and a multichannel recorder.
Zero reference was midthorax and electrical mean pressures
were recorded over at least two respiratory cycles, Radial
artery and pulmonary artery blood samples were obtained
for blood gas measurements. Indocyanine green (in the study
in Tucson) or thermodilution (in Seattle and Denver) cardiac
output measurements were performed in duplicate; the mean
of the two measures is reported.
The arterial-mixed venous oxygen content difference (Ca-
V02) was calculated from the formula Ca-v02 = (Sa02 -
SV02) x Hgb x 1.34, where Ca-v02 = arterial-mixed
venous oxygen content difference, Sa02 = arterial oxygen
saturation, $V02 = mixed venous oxygen saturation and
Hgb = hemoglobin. The hemoglobin, oxygen saturation,
P02 and pH were measured on arterial and mixed venous
blood gas samples using Instrumentation Laboratories 282
and 813 blood analyzers.
Total pulmonary resistance (TPR) was calculated by the
formula TPR (dynes-s-cm -5) = pulmonary artery pressure
(PAP) x 80/cardiac output. Pulmonary vascular resistance
(PVR) was calculated by the formula PVR = (PAP - PWP)
x 80/cardiac output where PWP = pulmonary wedge pres-
sure (mm Hg).
Radionuclide ventriculographic measurement of right
and left ventricular ejection fractions. Radionuclide ven-
triculography was performed simultaneously with the hemo-
JACC Vol. 9. No. 6
June 1987:1219- 29
MORRISON ET AL.
RIGHT VENTRICUL AR DYSFUNCTION IN CHRONIC OBSTRUCTIVE PULMON ARY DISEASE
1221
Table l. Patient Data (n = 26)
FEV, Maximal ExercisePatient Age TLC* Paozt Pacozt Work Load V02
No. (yr) Liters %* (liters) (mm Hg) (rnm Hg) (kp-rn/rnin) (rnl/rnin)
I 53 2.12 65 6.89(1 13) 52 49 200 619
2 63 2.37 67 6.33(8 1) 54 24 100 477
3 62 1.07 41 9.55(160) 57 42 200 666
4 66 0.59 19 10.2 (1 55) 64 35 200 646
5 69 0.58 21 57 43 200 573
6 50 0.66 19 7.60(120) 61 47 200 405
7 61 0.48 16 7.24(1 27) 44 50 200 617
8 75 0.65 26 71 38 100 232
9 60 0.54 18 8.72(152) 44 41 200
10 54 0.54 18 li.47(144) 57 38 200 959
11 70 1.75 64 6.21(95) 64 37 200 779
12 54 1.54 49 5.26(82) 54 38 100 650
13 57 1.1 5 37 5.25(82) 49 32 100 910
14 63 1.23 45 6.49(1 10) 54 39 100 356
15 64 1.08 38 7.26(115) 62 33 100 620
16 44 1.98 5\ li.93( 125) 46 34 200 801
17 56 1.92 62 6.08(102) 75 33 4()()
18 56 1.38 46 7.08(1 23) 57 40 400 1.287
19 61 1.26 47 6.21(120) 68 40 400 1,247
20 60 1.39 46 6.26(1 06) 54 43 200 678
21 59 2.02 65 5.45(92) 68 37 400 i.067
22 63 1.89 64 87 34 400 1,463
23 61 0.77 29 74 46 200 792
24 63 0.74 33 5.20(76) 66 46 200 612
25 61 1.51 50 7.70(125) 72 46 400 994
26 68 1.06 42 52 32 100 530
Mean zt SD 61 ::!:: 7 1.26 ::!:: 0.59 42 ::!:: 0.17 7.07 ::!:: 1.44 60 ::!:: 0.10 39 ::!:: 0.6
*Percent predicted giveninparentheses. tTheseblood gas valuesarefrotn the preexerciseevaluation.The values drawninthecatheterizationlaboratory
(used for comparisons) may vary slightly . FEVI = forced expiratory volume in 1 second; TLC = total lung capacity; Pao, = arterial oxygen tension;
Paco, = arterial carbondioxide tension; V02 = oxygen consumption.
dynamic study, by methods which have been previously
described with minor modifications (34-36). Briefly, 10 to
15 mg of stannous pyrophosphate was injected intrave-
nously. After at least 10minutes, 25 mCi of 99m-technetium
pertechnetate was injected intravenously. After at least 10
minutes for in vivo labeling and equilibration, a gamma
camera (Technicare series 120 or Picker Dyna mo), equipped
with a multipurpose parallel hole collimator, was placed in
the left anterior obliquity which provided the best ventricular
separation with 5 to 10° caudal angulation. A dedicated
computer (MDS Modumed or MDS A2) was used to acquire
digital images. Count and image acquisition occurred under
electrocardiographic control with 26 frames for the blood
pool studies. The duration of each frame was determined
by the average RR interval. Images were obtained on the
central half field of view as 64 x 64 matrices. All patients
had a rest 300k count targeted acquisition and a rest 2 minute
acquisition.
The radionuclide measurements were made by operators
who were not aware of the hemodynamic or blood gas data.
Before analyzing these studies, all operators blindly ana-
lyzed a minimum of 20 gated first pass and blood pool
ventriculograms from other cardiac patients. Only after in-
ter- and intraobserver reproducibility was established, were
they assigned the task of analyzing these studies. The meth-
ods of computer-selected, variable region of interest cal-
culation of left and right ventricular ejection fraction have
been reported in detail (34- 36). A box was placed around
the ventricle on the first frame or image. The operator set
thresholds or percent of maximal counts for each of four
quadrants around the box so that a continuous line was
drawn around the ventricle on this image. The region at
selection algorithm used both thresholds and the zero point
of the two-dimensional second derivative with respect to
time. The computer used this algorithm to draw a separate
ventricular region for each frame. The operator viewed these
regions and determined whether to accept or alter them. It
was seldom necessary to alter any of the left ventricular
regions, but it was frequently necessary to alter right ven-
tricular systolic frames as in the right ventricular validation
studies (34- 36). The most frequent alteration was removal
of atrial pixels in the upper left quadrant. Decisions re-
garding operator intervention were made after viewing the
study both in the cine mode and with phase analysis. The
1222 MORRISON ET AL.
RIGHT VENTRICULAR DYSFUNCTION IN CHRONIC OBSTRUCTIVE PULMONARY DISEASE
lACC Vol. 9, No.6
June 1987:1219-29
use of phase analysis to provideatrial/ventricular separation
has been detailed (30). The computer-selected left ventric-
ular background, expressed as counts per pixel, was sub-
tracted from each frame. Using the respective regions of
interest, background-corrected time-activitycurveswereob-
tained for both the right and left ventricles.
The ejection fraction was calculated from the formula :
ejection fraction = stroke counts/end-diastolic counts, where
end-diastolic counts = peak of the time activity curve,
usually the first frame, end-systolic counts = the trough
and stroke counts = end-diastolic counts - end systolic
counts. Whencalculatedin this manner, the rightventricular
ejection fraction is highly reproducible and the right ven-
tricular ejection fraction obtained by blood pool ventricu-
lographycorrelates well with the gated first pass method (n
= 33, r = 0.93; y = 0.03 + 0.89x; SEE = 0.04) (36).
The left and right ventricular stroke counts among patients
without regurgitant lesions or shunts are in close agreement
(n = 19; r = 0.86; y = 73 + 0.089x; SEE = 116 counts
on 300K images) (34). Right ventricular ejection measure-
ments obtained by this blood pool methodcorrespond quite
well with contrast angiographic measurements made using
the method of Ferlinz (n = 21; r ::: 0.94; SEE = 0.08)
(35).
Exercise testing. After baseline measurements of pres-
sures, cardiac output, radionuclide ejection fractions , ar-
terial and mixed venous blood gases and oxygen consump-
tion, the patients' feet were positioned in a supine bicycle
(Quinton Instruments) which attached to the catheterization
table (in Tucson and Denver) or the patients were moved
to an imaging table (in Seattle). Patients began pedaling at
100 to 200 kp-mlmin and increased 100 to 200 kp-m/min
every 4 minutes until symptom-limited maximum. All pa-
tients stopped with dyspnea or dyspnea and fatigue.
Measurements of pressure and cardiac output and sam-
ples for blood gas measurement and exhaled gas measure-
ments wereonly begunafter at least I minute, and preferably
2 minutes, to allow achievement of steady state. Similarly,
exercise radionuclide acquisitions were begun after at least
I minute; only the results of 2 minute acquisitions are re-
ported (28,30).
Exhaled gas measurements. Exhaled gas measure-
ments were made on the Seattle patients using collection
into a Douglas bag over the last I or 2 minutes of each
exercise stage. The exercise oxygen consumption is the
oxygen consumption at the highest exercise stage. Volumes
of exhaled gas (ventilation) were measured using a Tissot
spirometer. Oxygen tension of the exhaled gas was mea-
sured with a gas analyzer that was calibrated against test
gases daily. The oxygen consumption was calculated from
the formulaoxygen consumption = ventilation x (F102 -
FE02), where F102 = %02 inspired air and FE02 =: %0 2
in exhaled gas.
Exhaled gas measurements were made on the Denver
patients using a Sensor-Medics metabolic cart which was
calibrated against standard gases and a standard volume
before each study. The cart gives on-line 30 second mea-
surements. Measurements were made over the last I or 2
minutesof each stage. The exercise oxygen consumption is
the averageof the two to four measurementsfrom the highest
exercise stage. Exhaled gas measurements were not made
on the Tucson patients. For seven of the eight patients who
had cardiac output (CO) and arterial-mixed venous content
difference (Ca-v02) measurements during the highest ex-
ercise stage, exercise oxygen consumption was calculated
from the formula oxygen consumption == (CO) x (Ca-
V02) .
As for all variables measured in this study, we attempted
to obtain steady state measurements of the oxygen con-
sumption during the highest exercise stage that each patient
could achieve. Because of the debate in published reports
concerning whether patients with chronic obstructive pul-
monary disease achieve an "oxygen consumption maxi-
mum," and becauseof the differences betweenoxygen con-
sumption during supine and upright exercise, we have chosen
to refer to this value as the oxygen consumption at maximal
exercise.
Statistical analysis. Statistical analyses were performed
on an IBM PC computerusing the SYSTATprogram(SYS-
TAT, Inc.). For all variables, the mean rest value was com-
pared with the meanexercise value using paired t test. Least
squares linear regression analysis was used to correlate the
exercise oxygen consumption with rest and exercise values
of each variable. The change in right ventricular ejection
fraction from rest to exercise was correlated with the change
from rest to exercise in each hemodynamic variable using
linear regression analysis.
Stepwise multivariate linear regression analysis was used
to find the correlationof a combinationof exercise variables
with the exercise oxygen consumption. Only patients who
had directly measuredoxygen consumption (the Seattle and
Denver patients) and had complete data (n = 15) were
included in the stepwise multivariate analysis. An alpha to
enter and alpha to remove of 0.05 were used in the multi-
variateanalysis. An adjustedr which takes sample size into
account is reported. For all analyses, statistical significance
was defined as p s 0.05.
Results
Rest versus exercise. The oxygen consumption at max-
imal exercise ranged from 232 to 1,463 cclmin (Table I).
Table 2 shows the mean ± SD for the rest and exercise
values of hemodynamic , angiographic and gas exchange
variables .
Normal subjects versus patients with chronic obstruc-
tive pulmonary disease. Figure I shows the oxygen con-
sumption at maximal exercise compared with the maximal
JACC Vol. 9. No.6
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Table 2. Rest Versus Symptom-Limited Supine Bicycle Exercise in 26 Patients With Chronic
Obstructive Pulmonary Disease
Rest Exercise p Value
V0l (rnl/min) 274 :!: 138 7 13 :!: 330 < 0.00000 1
RVEF 0.45 :!: 0 .11 0.45 :!: 0 .14 NS
LYEF 0.56 :!: 0 . 10 0 .57 :!: 0. 12 NS
CO (liters/min) 4 .63 :!: 0 .96 8.22 :!: 2.58 < 0.00000 1
HR (beats/min) 78 ± 15 107 ± 12 < 0.00000 1
SY (ml!beat) 6 \ ± \6 78 ± 24 < 0.0 1
MAP (mm Hg) 96 :!: 15 109 :!: 22 < 0.00000 1
PAP (mm Hg) 19 :!: 6 37 ± II < 0.00000 1
PWP (mm Hg) 7 :!: 4 17 :!: 8 < 0.00000 1
CYP (mm Hg) 3 :!: 3 9 :!: 5 < 0.000 1
SR (dynes-s-cm..S) 1.752 :!: 570 1274 :!: 637 < 0.0 1
TPR (dynes-s-cm r ' ) 330 :!: 92 399 :!: 128 < 0.05
PYR (dynes-s-crnr ') 222 :!: 96 211 :!: 148 NS
Pao, (mm Hg) 59 :!: 9 54 :!: 10 < 0.0 1
P\i02 (mm Hg) 33 :!: 3 25 :!: 3 < 0.00000 1
Cao2 (mg/ IOO cc) 16 .74 ± 5.24 17.49 :!: 1.48 NS
Pac, (mg Hg) 39 :!: 6 42 :!: 8 < 0.0 1
Cao, = arterial oxygen content; CO = cardiac output; CYP = mean central venous pressure; HR = heart
rate; LVEF = left ventilation fraction; MAP = mean systemic arterial pressure; PAP = mean pulmonary
artery pressure; PV0l = mixed venous oxygen tension; PVR = pulmonary vascular resistance; PWP = mean
pulmonary wedge pressure; RVEF = right ventricular ejection fraction; SR = systemic resistance; SV =
stroke volume; TPR = total pulmonary resistance; V0l = oxygen consumption; other abbreviations as in
Table I.
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work load for the 21 patients who had both measurements.
The area within the lines represents ± 2 SD for the healthy
men aged 61 to 83 years studied by Granath et al. (7). It
can be seen that the oxygen consumpt ion relative to work
performed by these patients with chronic obstructive pul-
monary disease is comparable to that of normal subjects.
Figure l. Exercise oxygen consumption (Voz) versus exercise
work load for 21 patients with chronic obstructive pulmonary dis-
ease. The solid line is the mean value and the dashed lines ± I
standard deviationfor the healthy. normal men performing similar
exercise studied by Granath et al. (7) .
The patients stop at much lower work loads and oxygen
consumptions.
Figure 2 shows the rest and exercise cardiac output com-
pared with rest and exercise oxygen consumption for these
21 patients with chronic obstructive pulmonary disease. The
cardiac output increase relative to oxygen consumption is
comparable with that of normal subjects (7). The chronic
Figure 2. Restandexercise cardiac outputversus restandexercise
oxygen consumption (VOl) for 21 patients withchronic obstructive
pulmonary disease.
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Table 3. Comparison of Cardiovascular Response to Supine Exercise of Normal Subjects and
26 Patients With Chronic Obstructive Pulmonary Disease
Normal Subjects
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Work (kp-mlmin)
V02 (ml/min)
CO (liters/min)
SV (ml/min)
HR (beats/min)
BAP (mm Hg)
PAP (mm Hg)
PWP (mm Hg)
Ca-vo2 (mlliiter)
RVEF
LVEF
SV02 (%)
Chronic Obstructive
Pulmonary Disease
219 ± 110
713 ± 330
8.22 ± 2.58
78 ± 24
107 ± 12
109 ± 22
37 ± II
17 ± 8
92 ± 13
0.45 ± 14
0.57 ± 0.12
31 to 57
Young
(Ref. 30)
1,000
1,234 ± 43*
21.4 ± 1.3
141 ± 9
155 ± 7
III ± 6
25 ± 2
13 ± 3
118 ± 5
0.69 ± 0.06
0.85 ± 0.02
Elderly
(Ref. 7)
550
1,464 ± 215
13.1 ± 1.7
101 ± 11
130 ± 10
130 ± 16
32 ± 7
22 ± 8
112 ± 10
28 to54t
*ml/min perrrr'; t = from Ref 8. BAP = brachial (or radial) arterial pressure; Ca-v02 = arterial mixed
venous oxygen content difference; SV02 = mixed venous oxygen saturation; Work = highest work load; other
abbreviations as in Table 2.
obstructive pulmonary disease patients stop at a lower ox-
ygen consumption and cardiac output.
Table 3 compares the exercise values for 12 variables
from these 26 patients with chronic obstructive pulmonary
disease with several groups of normal subjects studied by
comparable methods (supine bicycle to symptom limits).
Specifically, the fall in mixed venous oxygen saturation
(Svoz) in the patients is comparable with that of normal
subjects studied by Holmgren et a1. (8). The arterial mixed
venous content differences are not as wide for the patients
as for the normal subjects, in part, because the rest and
exercise arterial oxygen content of the study patients is
not quite as high as that of normal subjects (Table 2)
(7-9,26).
1) Does the oxygen consumption at maximal exercise
correlate with the exercise right ventricular ejection
fraction? The oxygen consumption measured at maximal
exercise correlated with the exercise right ventricular ejec-
tion fraction (r = 0.66; p < 0.005) and exercise cardiac
output (r = 0.77; P < 0.ססOO5), exercise stroke volume (r
= 0.68; p < 0.001) and exercise heart rate (r = 0.42; p
< 0.05) (Table 4). Figure 3 shows the exercise right ven-
tricular ejection fraction plotted against the oxygen con-
sumption at maximal exercise for all 21 patients who had
satisfactory measurements of both variables.
The oxygen consumption at maximal exercise correlated
with the exercise ventilation (r = 0.85; P < 0.00001). There
200 400 600 800 1000 1200 1400 1600
Figure 3. Exercise rightventricular ejection fraction (RVEF) ver-
susexercise oxygen consumption (VOI) for 21 patients with chronic
obstructive pulmonary disease.
Table 4. Correlations With Exercise Oxygen Consumption
Rest Value Exercise Value
(r) p Value (r) p Value
RVEF 0.30 NS 0.66 <0.005
LVEF 0.01 NS 0.25 NS
CO 0.33 NS 0.77 <0.ססOO5
SV 0.35 NS 0.68 <0.001
HR 0.47 <0.05 0.42 <0.05
PAP 0.02 NS 0.38 NS (p = 0.08)
TPR -0.35 NS 0.35 NS
PVR 0.70 <0.005 0.44 NS (p = 0.08)
Pa02 0.29 NS 0.12 NS
PV02 0.17 NS 0.28 NS
CVP 0.07 NS 0.31 NS
Ca02 0.21 NS 0.20 NS
Paco, 0.D7 NS 0.07 NS
FEV! 0.19 NS * *
*No measurement of exercise forced expiratory volume in I second.
Abbreviations as inTables I and 2.
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Discussion
The mechanisms of exercise limitation in chronic ob-
structive pulmonary disease patients have been debated.
Compelling arguments have been advanced for ventilatory
A TPR
Figure 4. Change from resttoexercise inrightventricular ejection
fraction (RVEF) versus change from rest to exercise in total pul-
monary resistance (TPR) for 20 patients with chronic obstructive
pulmonary disease .
was no correlation between the oxygen consumption at max-
imal exercise and rest Pao , (r = 0.29; P = NS), exercise
Pao- Ir = 0.12;p = NS),restCao2(r = 0.21;p = NS),
exercise Cao, (r = 0.20; p = NS) exercise Paco, (r =
- 0.07; P = NS) or the forced expiratory volume in I
second (r = 0.19; P = NS) (Table 3).
2) Does the change in right ventricular ejection frac-
tion from rest to exercise correlate with the changes in
total pulmonary resistance, pulmonary vascular resist-
ance or pulmonary artery pressure? The change in right
ventricular ejection fraction with exercise correlated in-
versely with the change in total pulmonary resistance (r =
- 0.51; P < 0.05) but did not correlate with the change in
pulmonary artery pressure (r = - 0 .37; p = NS) or the
change in pulmonary vascular resistance (r = 0.09; p =
NS). Figure 4 shows the change from rest to exercise in
right ventricular ejection fraction versus total pulmonary
resistance for 20 patients . The right ventricular ejection
fraction correlated with the change in cardiac output (r =
0.59; p < 0.01) and stroke volume (r = 0.61; p < 0.(05).
3) Which combinations of cardiac, ventilatory and
blood gas variables are the best predictors of oxygen
consumption at maximal exercise? Multivariate linear
regression analysis (n = 15) revealed the combination of
variables giving the best prediction of oxygen consumption
at maximal exercise were the ventilation and right ventric-
ular ejection fraction (r = 0.95; adjusted r = 0 .88).
and cardiovascular mechanisms (2-6, 10-26,28,37-41). This
study attempts to answer three questions that are relevant
to the relative role of right ventricular dysfunction in the
exercise limitation of chronic obstructive pulmonary disease
patients. In an effort to look at these right ventricular func-
tion data in context, the cardiovascular response to exercise
of normal subjects will first be considered.
Exercise physiology of normal subjects. Whether per-
forming symptom-limited upright or supine exercise. normal
subjects have a marked decline in mixed venous oxygen
tension resulting in a wide arterial-mixed venous oxygen
content difference (7-9,11,12,25,26). Studies comparing
maximal leg exercise with maximal leg plus arm exercise
strongly suggest that the fall in mixed venous oxygen is not
a function of peripheral utilization, but rather an oxygen
delivery problem (25). Similarly, oxygen delivery is not
limited by arterial oxygen content in normal subjects (25,26) .
Most available evidence suggest s that the ability to deliver
oxygen is limited by the ability to increase forward stroke
volume in normal subjects (25,26) . There are few data to
suggest that ventilation limits normal subjects (26) .
Comparison of exercise physiology in patients with
chronic obstructive pulmonary disease and in normal
subjects. In the study patients whose data form the basis
of this report: I) The relation between work performed and
oxygen consumption was comparable with that of normal
subjects (Fig. I) . 2) The relation between oxygen con-
sumption and cardiac output was comparable with that of
normal subjects (Fig. 2) . 3) The level of mixed venous
oxygen saturation at symptom-limited maximum was re-
duced to an extent comparable with that of normal subjects
(Table 2) (8). 4) The levels of work, oxygen consumption,
cardiac output, stroke volume , heart rate and right ventric-
ular ejection fraction were much lower than those of normal
subjects at symptom-limited maximum (Tables 2 and 3)
(7-9,11,12,25,26). 5) The total pulmonary resistance, pul-
monary vascular resistance, central venous pressure and
pulmonary artery pressures were higher than those of normal
subjects at symptom-limited maximum (Table 2)
(7-9,11-22,26) .
Given that normal subjects have cardiovascular Limita-
tions at maximal exercise, the first three points of compar-
ison support a role for cardiovascular limitation among pa-
tients with chronic obstructive pulmonary disease as well.
In addition to the decrease in mixed venous oxygen tension,
these patients do have slight increases in lactate (42). The
only point in comparison 4 against a stroke volume limi-
tation for chronic obstructive pulmonary disease patients is
their failure to achieve anything approaching maximal heart
rates . The explanation for the blunted heart rate response
of these patients is unknown. There are at least three possible
explanations: I) Patients with chronic obstructive pulmonary
disease do not have cardiovascular limitations; 2) they have
chronotropic incompetence; and 3) they are, in part, limited
•
•
• •
! •
•
I
I
I
I: .
I
I
I
:
I
I
I
I
I
I
• l. •
• : .:-0.51
o P:<0.05
_______________..__~__... .. '!':.~O _
. :
I! ••
!
I
I: .
I
I
o
-200 -150 -100 -50 0 50 100 150 200 250 300
.10
.15
.20
.05
.25
-.15
-.10
-.05
ARYEF 0
1226 MORRISON ET AL.
RIGHT VENTRICULAR DYSFUNCTION IN CHRONIC OBSTRUCTIVE PULMONARY DISEASE
lACC Vol. 9. No.6
June 1987:1219-29
by right heart output. Right heart preload, or venous return ,
is already limited by the large intrathoracic pressure swings
seen in these patients at exercise . Further increases in heart
rate are accompanied by reduced diastolic filling time. A
balance is reached in increasing cardiac output by increasing
heart rate and reducing stroke volume as a result of de-
creased preload . We favor the latter hypothesis. Comparison
findings 4 and 5 suggest that the basic stroke volume lim-
itation in chronic obstructive pulmonary disease is right-
sided and that it is due, in part, to afterload .
Does the oxygen consumption at maximal supine ex-
ercise correlate with the exercise right ventricular ejec-
tion fraction? Most exercise physiologists regard the max-
imal exercise oxygen consumption as an objective measure
of exercise capacity. Accordingly, a strong correlation be-
tween the exercise right ventricular ejection fraction and
oxygen consumption at maximal exercise suggests that right
heart function is related to exercise capacity . The link be-
tween the right ventricular ejection fraction and oxygen
consumption is the cardiac output , and correlations between
exercise cardiac output and right ventricular ejection fraction
and between cardiac output and oxygen consumption were
also found.
For most categories of subjects, the oxygen consumption
increases progressively to a level where it plateaus. At this
level, called maximal oxygen consumption, anaerobic me-
tabolism increases sharply and, with it, carbon dioxide pro-
duction and the respiratory exchange ratio. We did not mea-
sure the respiratory exchange ratio or carbon dioxide
production in most of our patients (in Seattle or Tucson) .
In addition, the oxygen consumption during supine exercise
is lower than that for upright exercise (8,9). Therefore, we
are not calling our measurement maximal oxygen con-
sumption but rather the oxygen consumption at maximal
exercise. Because all patients exercised I to 2 minutes before
the collection was started and because all patients were
pushed to symptom limits we feel this should be close to
the steady-state supine maximal oxygen consumption.
Arterial oxygen content is an important component of
oxygen delivery . It is recognized that a subset of patients
with chronic obstructive pulmonary disease have a fall in
arterial oxygen tension and less commonly, arterial oxygen
saturation with exercise (43). It is also known that normal
subjects have an increase in their hemoglobin level with
exercise (7-9) . Among our patients, there was a small, but
significant decrease in arterial oxygen tension . Nevertheless,
because arterial saturation changed little and the hemoglobin
increased slightly, the arterial oxygen content did not change
significantly (the trend was toward an increase) . These data
suggest that if impaired oxygen delivery contributes to ex-
ercise limitation, it is primarily because of reduced cardiac
output as opposed to a decrease in arterial oxygen content.
This conclusion is consistent with previous studies (6,40).
Does the change in right ventricular ejection fraction
from rest to exercise correlate with changes in total pul-
monary resistance, pulmonary vascular resistance or
pulmonary artery pressure? The initial hemodynamic
studies (12-23) in patients with chronic obstructive pul-
monary disease demonstrated a marked increase in pul-
monary artery pressure with exercise . Unlike normal sub-
jects, most of these patients do not have a decline in total
pulmonary resistance with exercise (7-9,12-23). The in-
creased total pulmonary resistance reflects an increase in
pulmonary vascular resistance and an abnormal exercise
increase in pulmonary wedge pressure as well as respiratory
variations in wedge and pulmonary artery pressures
(13-19,44). The importance of these resistance findings has
recently been underscored by the nocturnal oxygen therapy
trial investigators (29), who demonstrated a significant in-
verse correlation between exercise pulmonary vascular re-
sistance and stroke volume index (29). Similarly, those pa-
tients who had improvement in pulmonary vascular resistance
with oxygen therapy also had an improvement in stroke
volume index (29).
The present study indicates that the connecting link be-
tween pulmonary resistance and stroke volume is right ven-
tricular systolic function. A number of radionuclide ven-
triculographic studies have demonstrated that many patients
with chronic obstructive pulmonary disease have abnormal
rest right ventricular function and that most also have an
abnormal right ventricular response to exercise (23,24).
Several studies (28,45,46) have suggested that the abnormal
right ventricular response to exercise is in part a reflection
of abnormal right ventricular afterload. By demonstrating a
significant correlation between changes in right ventricular
ejection fraction and total pulmonary resistance with exer-
cise, this study supports that hypothesis. It should be em-
phasized that total pulmonary resistance more closely ap-
proximates right ventricularafterload than pulmonary vascular
resistance, especially because patients with chronic obstruc-
tive pulmonary disease do have an increase in wedge pres-
sure with exercise (28,44).
Which combination of cardiac, ventilatory and blood
gas variables correlate with oxygen consumption at max-
imal exercise? Multivariate linear regression analysis (n =
15) showed that the combination of variables giving the best
prediction of oxygen consumption at maximal exercise were
the ventilation and right ventricular ejection fraction (r =
0.95; adjusted r = 0.88) . Among those authorities who
doubt that oxygen supply versus demand or cardiac output
are relevant to exercise limitation in chronic obstructive
pulmonary disease, many contend that such patients are
limited by their ventilatory mechanics (2-6,27,37-40). They
cite relations between the forced expiratory volume in 1
second and maximal work output and between the forced
expiratory volume in I second and maximal exercise ven-
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tilation (4,5,39). Among our patients, there was no signif-
icant relation between the forced expiratory volume in I
second and the oxygen consumption at maximal exercise
(r = 0.19; P = NS) or between the forced expiratory vol-
ume in I second and the exercise ventilation (n = 17; r =
0.32; P = NS). Some of this discrepancy may relate to
our exercise test being performed in the supine position.
There was however a very strong correlation between ox-
ygen consumption at maximal exercise and exercise ven-
tilation (n = 17; r = 0.85; P < 0.00(01).
Although the maximal voluntary ventilation was not mea-
sured in this study, one can estimate this number (forced
expiratory volume in I second x 35) (27). Among the study
patients, the lowest maximal voluntary ventilation should
be ~30 liters/min. In 6 of 17 patients, exercise ventilation
was greater than 30 liters/min. It is therefore likely that
some of these patients reached their maximal voluntary ven-
tilation at maximal exercise.
The adequacy of overall ventilation is reflected by the
Paco.; If these patients were unable to increase their ven-
tilation to meet the metabolic demands of carbon dioxide
production, the Paco, would increase; it increased in 18 of
25 patients (39 ± 6 to 42 ± 8; p < 0.02). Stepwise linear
regression showed that exercise ventilation contributed to
the best combined correlation with oxygen consumption.
These findings suggest that whereas ventilatory mechanics
contribute to exercise limitation in chronic obstructive pul-
monary disease, they are not the sole cause of exercise
limitation among such patients.
It is likely that neither cardiac output, gas exchange,
oxygen demand nor ventilatory mechanics are solely re-
sponsible for exercise limitation in chronic obstructive pul-
monary disease. Rather, the mechanism may be the dynamic
interplay of several factors. Such patients may increase their
ventilation to near their maximal voluntary ventilation; many
demonstrate an increase in pco, with exercise. Similarly,
oxygen delivery is not increasing as rapidly as demand and
the rate-limiting step in delivery is cardiac output. An in-
crease in cardiac output appears to be primarily a function
of right heart functional reserve. The notion that disordered
ventilation, and abnormal right heart function contribute to
exercise limitation is suggested by the results of the stepwise
linear regression analysis in this study.
Furthermore. right heart function and ventilation are
linked (47). That is, ventilation, especially the hyperpnea
of exercise, strongly influences venous return to the right
side of the heart. This is increasingly important as increased
heart rate results in a reduced diastolic filling time. Simi-
larly, ventilation and blood gas abnormalities contribute to
pulmonary artery pressure and resistance and therefore right
ventricular afterload. Ventilatory mechanics can contribute
to right heart preload and afterload as well as oxygen de-
mand (by virtue of increased work of breathing). Con-
versely, because of its effect on pulmonary blood volume,
right ventricular function can influence pulmonary compli-
ance and ventilatory mechanics.
Limitations of this study. The exercise tests in this
study were performed supine. Clearly, this provides for a
different type of physiology than that provided by upright
exercise (7-9). Relative to cardiac factors, the supine po-
sition augments venous return and thus might be expected
to downplay the role of right ventricular dysfunction. Con-
versely, the supine position causes abdominal contents to
press against the diaphragm and lead to ventilatory restric-
tion. It might, therefore, be expected to exaggerate the role
of ventilation in limiting patients with stable chronic ob-
structive pulmonary disease.
The failure to obtain directly measured oxygen con-
sumption at maximal exercise in all patients and the mea-
surement of oxygen consumption by two different methods
is another important limitation of the study. Furthermore,
we are concerned about the possibility that measuring ex-
haled gases using a noseclip and even a low resistance
mouthpiece constitutes an artificial ventilatory "load" (VA
Research Advisory Groups Grant: Exercise exhaled gas
measurements in chronic obstructive pulmonary disease.
Principal Investigator: Morrison DA, unpublished data and
[40]).
It is not at all clear that each patient achieved a steady
state relative to each cardiopulmonary variable. This is par-
ticularly true of the patients who stopped with abbreviated
stages. It is true that patients were pushed to their symptom-
limited maximum. Because the oxygen consumption and
ventilation were measured together, these two variables are
clearly not independent. Thus, for example, an incomplete
seal of the patient's mouth around the mouthpiece would
yield low measures of both oxygen consumption and ven-
tilation.
Conclusions. We found a significant correlation between
exercise right ventricular ejection fraction and exercise ox-
ygen consumption in a group of patients with chronic ob-
structive pulmonary disease performing symptom-limited
supine exercise. The right ventricular ejection fraction re-
sponse to exercise was correlated with an abnormally ele-
vated total pulmonary resistance. Multivariate analysis dem-
onstrated that exercise ventilation and exercise right ventricular
ejection fraction were strongly predictive of the oxygen
consumption at maximal exercise.
Like many other investigators, we found that the increase
in cardiac output relative to oxygen consumption with ex-
ercise was within the' 'normal range." Likewise the oxygen
consumption increase relative to the work load was "nor-
mal." Because normal subjects are limited in increasing
oxygen consumption by their ability to increase cardiac out-
put, we believe these findings support, rather than refute,
a significant cardiovascular limitation for patients with chronic
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obstructive pulmonary disease. The consistent finding of
low exercise mixed venous oxygen tension and saturation
is consistent with inadequate oxygen supply to meet demand
in chronic obstructive pulmonary disease patients, as in
normal subjects. In tum, this cardiovascular limitation ap-
pears to be predominantly right-sided. On the basis of these
results, we propose that exercise limitation in chronic ob-
structive pulmonary disease is due to the dynamic interaction
of abnormal right heart function/pulmonary hemodynamics
and disordered ventilation.
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